Abstract: Graphene has attracted a high level of research interest because of its outstanding electronic transport properties and optical properties. Based on the Kubo formalism and the Maxwell equations, it's demonstrated that the optical conductivity of graphene can be controlled through the applied voltage. And we find that the graphene-oxide-silicon (GOS) based waveguide can be made into either the electro-absorptive or electron-refractive modulators. Using graphene as the active medium, we present a new electro-refractive Mach-Zender interferometer based on the GOS structure. This new GOS-based electron-refractive modulation mechanism can enable novel architectures for on-chip optical communications.
Introduction
The electro-optic modulator is one of the most important optoelectronic devices, which is used to modulate a light beam propagating either in free space or in an optical waveguide. In addition, these modulators can be classified as either electro-refractive or electro-absorptive type. It is well known that by applying an electric field to a material, its real and imaginary refractive indices could be changed. The change in the real part of the refractive index ( n Δ ) is defined as electro-refraction, whereas the change in the imaginary part of the refractive index ( α Δ ) is known as electro-absorption [1] . So far, the proposed silicon modulators, which are electro-refraction, are mostly based on the free-carrier dispersion effect in silicon [2] .
However, the electro-optic properties of the silicon are usually poor so that a conventional silicon modulator has a very large footprint [3, 4] . Although micro-ring silicon modulator can significantly reduce the footprint, but it also decreases the operation bandwidth and thermal stability [5] . Nanoplasmonics paves the way to scale down the dimension of optical devices, and several plasmonic modulators have been proposed. The"PlasMOStor" presented by Dionne et al. [6] is very compact, but due to the surface plasmon polaritons (spps), it has inherently large loss and limits the operation speed. Recent research on graphene has shown the potential to deal all these challenges.
Graphene, a two-dimensional version of graphite, consisting of carbon atoms arranged in a hexagonal lattice, has attracted a great deal of interest. Intrinsic graphene is a zero band-gap semiconductor which is very suitable for nano-electronic applications [7, 8] . And its transport characteristics and conductivity can be tuned conveniently by electrostatics, leading to the possibility of modulator [9] . The waveguide-integrated graphene based electro-absorption modulator was first reported by Liu [10] . This graphene-based electro-absorption optical modulation mechanism, with combined advantages of compact footprint, low operation voltage and ultrafast modulation speed across a broad range of wavelengths, can enable novel architectures for on chip optical communications. So far all of these graphene based optical modulators are the electro-absorptive [10] [11] [12] [13] . The absorption directly modulates the intensity of a propagating mode. And in these modulators, the graphene interband absorption plays a key role [10, 13] .
In this paper, we analyze the electro-refractive modulating mechanism based on graphene-oxide-silicon structure. The optical conductivity of graphene is calculated by the Kubo formalism at T = 300 K, both interband and intraband absorption are considered. The refractive index change caused by the variation of the graphene conductivity can be used to shift the relative phase of two propagating waves so that they interfere either constructively or destructively, thus realizing the transition between on-and off-resonance states. A GOS-based MZI is presented to demonstrate the new electro-refractive modulating mechanism. The electromagnetic responses of graphene-oxide-silicon are numerically stimulated based on the model in Fig. 1 . The wave propagates in the Z-direction. Based on the classical electromagnetic description, we could get the Maxwell equation as follows,
Model of the GOS structure
All units are in SI system, and the time variation is j t e ω . Considering the time oscillation, for the transverse magnetic mode, the Eq. (1) and (2) can be written as follows, i ε is the relative permittivity of region i,
As Fig. 1 shows, the 2D waveguide can be treated as a four-layer planar waveguide. It is noted that graphene is modeled as a thin layer with thickness of t g = 0.35 nm between the oxide layer and the air cladding. This value of t g can be reasonably well converged with respect to the t g →0 limit [14] . That is to say this thin conducting graphene layer can be represented by an infinitesimally thin, local two-sided surface. In our model, there are three asymmetric interfaces, the silica/silicon interface, the silicon/oxide interface and the graphene/oxide interface. In this case, we only consider the surface conductivity of graphene because the others are all dielectric layers, and the boundary condition for this structure can be rewritten as this,
At graphene/oxide interface, σ is the conductivity of graphene, while at the other two interfaces, σ = 0 [15, 16] . For TM polarization, after establishing coordinate, and matching the boundary condition, we can get the eigen-equation like this: 2 3   1  1 1   2 2  3  2 2   3 2  3   2 3  3 arc tan( ) arc tan( )
where m is the mode order, 
Optical conductivity of Graphene
The dynamic optical conductivity of graphene can be determined from the Kubo formalisms [17, 18] , consisting of intraband and interband contributions,
where е is the charge of an electron, ξ is the energy, ħ is the reduced Planck's constant, (6) is due to the intraband contribution and the second is due to interband contribution. The intraband contribution can be derived and simplified as,
while the interband can be approximated as, for ,
Based on the Kubo formalisms, we calculated the graphene's conductivity at T = 300 K, =1550 nm λ . The conductivity is normalized by . Figure 2 shows how the intraband absorption and interband absorption contribute to the graphene conductivity, respectively. In this way, the Kubo formalism provides the necessary conductivity = + r i j σ σ σ .
From Fig. 2(b) , we can see that the imaginary part of graphene conductivity has a peak value. Obviously, it was caused by the interband absorption for that the Eq. Thus, the conductivity of graphene can be dynamically tuned by the applied voltage. In this GOS-based structure, the complex conductivity of graphene make the root of the eigen-value equation be complex. It's really hard to find the roots of the transcendental equation in complex plane. Here we use a semi-analytical method to calculate the propagation constants in complex plane by Cauchy contour integration (CCI) [22] .
Characteristics and discussion
The following results are for the TM fundamental mode (m = 0 in Eq. (5)) of a four-layer planar waveguide based on graphene-oxide-silicon structure, as illustrated schematically in Fig. 1 . For simplicity, the device structure consists of a graphene monolayer attached to the oxide layer (Al 2 O 3 ) grown on a silicon layer with a silica layer.
Assuming the thickness of the oxide layer (d 2 = 10 nm),without graphene layer (which means σ = 0 in calculation),we can get the TM mode as shown in Fig. 3 . We can see that from Fig. 3 as d 2 decreases, the effective index and the loss decreases too. And the electrical field in oxide layer is larger than that in silicon. Apparently, though the oxide layer is much thinner than the silicon layer, the TM mode is still disturbed. By applying a bias voltage on this GOS structure waveguide, the chemical potential of graphene would be changed; the charge-carrier density in graphene changes and the modulation can be realized. Once the structure (shown in Fig. 1 ) is applied with voltage, the effective index of the TM mode would be changed. From Fig. 4 , we can see that as the applied voltage increase, c μ would increase continuously. However, N eff (the effective index of the TM mode) would first increase and then decrease, which shares the same trend of variability with the imaginary of the graphene optical conductivity as shown in Fig. 2 ), as shown in Fig. 4 , we can see that the electro-absorption is the best option, which was reported in [10] . However, as the c μ increases with the voltage, the loss would decrease, and that is benefit for an electro-refraction. Based on these theoretical analyses, we design a novel GOS-based MZI. 
GOS-based Mach-Zehnder interferometers
MZI is a basic building block for many optical devices. As we have proved in previous sections, the graphene-oxide-silicon waveguide can obtain large variation of the effective index. We propose the integration of a MZI implemented with the graphene-oxide-silicon structure shown in Fig. 5 . The two arms of the MZI consist of the graphene-oxide-silicon waveguide, which would be applied with voltage to modulate the light transmission. The Fig. 5(c) is the cross section of the MZI-arm. The thickness of the silicon layer and the oxide layer is 250 nm, 10 nm, respectively. The silicon layer is shallowly doped. Similar to the structure shown in [10] , a gold electrode is extended towards the waveguide by depositing a platinum film on top of the graphene layer, and the other gold electrode is deposited on the P + doped region. And the minimum distance between platinum and waveguide should be controlled at 500 nm to avoid the effect on the optical mode, which is reported in [10] . According to the interference theory of the MZI, the normalized transmission, T(λ), can be expressed as follows: . Figure 6 shows the normalized output power as a function of c μ variation in guide 2. In this case, the lengths of the arms are 200 μm. Thus, we can realize the new electro-refractive MZI modulator. Different from the traditional silicon MZI, this modulator does not need the carrier dispersion effect. And because the carrier mobility of the suspended graphene exceed 200,000 cm 2 V −1 s −1 at room temperature [23] , this new MZI may have ultra high operating speed, depending on the carrier density and graphene quality. 
Conclusions
With the Kubo formalism and the Maxwell equations, we proved that the graphene layer would influence the optical mode in the silicon waveguide and it can be used as the active medium to modulate light transmission. By applying the voltage to the graphene-oxide-silicon waveguide, the real and imaginary refractive indices have very great variation. This new effect, which is decided by the chemical potential of the graphene, offers a mean for electrically controlled optical modulation in a GOS waveguide either in electro-refractive or electro-absorptive style. Compared with the electro-absorptive modulator, the electro-refractive is more convenient to control, and the interference mechanism can achieve better extinction ratio. Thus, we also proposed a novel GOS-based MZI with the advantage of potential high operating speed.
